The development of two-dimensional (2D) materials has opened up possibilities for their application in electronics, optoelectronics and photovoltaics, because they can provide devices with smaller size, higher speed and additional functionalities compared with conventional silicon-based devices 1 . The ability to grow large, highquality single crystals for 2D components-that is, conductors, semiconductors and insulators-is essential for the industrial application of 2D devices [2] [3] [4] . Atom-layered hexagonal boron nitride (hBN), with its excellent stability, flat surface and large bandgap, has been reported to be the best 2D insulator 5-12 . However, the size of 2D hBN single crystals is typically limited to less than one millimetre 13-18 , mainly because of difficulties in the growth of such crystals; these include excessive nucleation, which precludes growth from a single nucleus to large single crystals, and the threefold symmetry of the hBN lattice, which leads to antiparallel domains and twin boundaries on most substrates
materials, including hBN, have a lower symmetry (C 3v for hBN) and therefore are not compatible with the C 6v symmetry of the top-layer atoms of the Cu (111) surface. Thus, the ideal substrate for hBN growth must have C 3v , C 3 , σ v or C 1 symmetry. Because the Cu (111) surface cannot be used to grow hBN single crystals, we have to choose a substrate with only σ v or C 1 symmetry, that is, without a regular low-index face-centred cubic (fcc) surface. To address this challenge, in this study we performed the successful synthesis of a Cu (110) vicinal surface, on which the presence of metal steps along the <211> direction led to a C 1 symmetry. This enabled the coupling of Cu <211> step edges with hBN zigzag edges, resulting in the unidirectional alignment of millions of hBN nuclei over a large 10 × 10 cm 2 area. In our experiment, 10 × 10 cm 2 single-crystal Cu foils of the Cu (110) vicinal surface were prepared by annealing industrial Cu foils using a designed high-temperature (1,060 °C) pre-treatment process before long-time standard annealing treatment (details in Methods and Extended Data Fig. 1a-g ). Such a large-area Cu (110) surface can be easily observed by optical imaging after mild oxidization in air (Fig. 1a) , because different surfaces form Cu 2 O with different oxidization rates and show characteristic colours 24 . The sharp Cu (220) peak in the X-ray diffraction (XRD) pattern in the 2θ scan (Fig. 1b) and the presence of only two peaks at an interval of exactly 180° in the φ scan ( Fig. 1c ; fixed along Cu <100>) unambiguously confirmed that the single-crystal foil had no in-plane rotation (2θ is the angle between the incident X-rays and the detector and φ is the in-plane rotation angle of the sample). Furthermore, at different positions (as marked in Extended Data Fig. 2a ), electron backscatter diffraction (EBSD) maps (Fig. 1d , Extended Data Fig. 2b, c) , low-energy electron diffraction (LEED) patterns (Fig. 1e, Extended Data Fig. 2d ) and scanning transmission electron microscopy (STEM) images (Fig. 1f) revealed the single-crystal nature of the Cu (110) substrate. Here, we note that the exact surface index and the deviation of the tilt angle from ideal Cu (110) is difficult to observe, which means that the tilt angle is smaller than the experimental accuracy of about 1°. We have chosen, however, to call the substrate Cu (110) unless otherwise specified.
Using the Cu foil single crystal as the substrate, 2D hBN was synthesized by a low-pressure chemical vapour deposition (CVD) method with ammonia borane (H 3 B-NH 3 ) as the feedstock (details in Methods and Extended Data Fig. 1h ). X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, ultraviolet-visible absorption spectroscopy Letter reSeArCH (UV-Vis), atomic force microscopy (AFM) and STEM were used to confirm that the as-grown sample was a 2D hBN monolayer (Extended Data Fig. 3 ). The SEM images showed a striking result: the hBN domains grown on the Cu (110) surface were all triangular, with their domains aligned unidirectionally on the Cu foil surface at the centimetre scale. The proportion of aligned domains was estimated to be about 99.5% (Fig. 2a, Extended Data Fig. 4a ). To confirm that the aligned domains had the same crystalline orientation, we performed LEED measurements. LEED patterns (Fig. 2b, Extended Data Fig. 4b ) measured at multiple positions (marked in Extended Data Fig. 2a ) confirmed that the crystalline lattice of the hBN domains were aligned in the same direction 14 . The unidirectional alignment of the hBN lattice was further proven by polarized second-harmonic generation (SHG) mapping 25 , where a dark boundary line was observed between hBN lattices of different domains when these were not aligned (Extended data Fig. 5a ). As shown in Fig. 2c , no boundary line was observed in the bulk area of coalescence of hBN domains, which also indicates a similar crystalline orientation for the two coalesced grains.
During the growth of a 2D material on a Cu surface, seamless stitching is expected in the coalescence area of two unidirectionally aligned grains because the perfect single-crystal lattice is always the most stable structure, as has been proven by the CVD growth of graphene 2, 3 . To further confirm the seamless stitching of hBN domains, hydrogen (H 2 ) etching was employed to visualize the different possible boundaries on the macroscopic scale 3, 4 . Figure 2d and Extended Data Fig. 5b show no etching line between unidirectionally aligned hBN domains; by contrast, for domains with different alignments, the etched boundary is clearly visualized (Fig. 2e, Extended Data Fig. 5c ). Ultraviolet-light oxidization was also carried out to expose possible grain boundaries, when present 2, 3 . Similar results were obtained, leading us to the conclusion that the large-area hBN film was a single crystal (Extended Data Fig. 5d, e) . High-resolution transmission electron microscopy (HRTEM) was used to characterize the quality of the stitching line between domains on the atomic scale. The as-grown hBN samples were transferred onto specially constructed single-crystal graphene TEM grids to observe the moiré patterns in the hBN/graphene heterostructure. It is well known that even a small difference in the rotation angle can lead to a dramatic change in the moiré pattern. Consistent moiré patterns were collected at multiple places around the concave corner in the joint area of two unidirectionally aligned hBN domains (shown in Fig. 2f , g, Extended Data Fig. 6a-l) , whereas a clear difference in the moiré pattern and an obvious grain boundary were observed in the area of confluence of two misaligned hBN domains (Extended Data Fig. 6m-p) . The above verifications confirm that our unidirectionally aligned hBN domains can be seamlessly stitched into an intact piece of single-crystal film. Further angle-resolved photoemission spectroscopy (ARPES) spectra also revealed that the hBN film was high-quality single crystal (Extended Data Fig. 7) .
We further used environmental scanning electron microscopy (SEM) to study the growth dynamics in situ and to understand the kinetics of the epitaxial growth of unidirectional hBN domains on Cu (110). Our in situ observations suggested that our Cu (110) single-crystal substrate is 'vicinal' because of the existence of steps and that the step edges play a crucial role in the unidirectional alignment of hBN domains. SEM images (Fig. 3a, b) confirmed that each hBN single crystal was nucleated near a step edge, with one edge of the single crystal tightly attached to the upward side of the step edge during the growth process, and the single crystal propagated rapidly on the plateau between neighbouring step edges. Once one of its edges reached a neighbouring step edge in the downward direction, the propagation of the edge was arrested temporarily 26, 27 . Our in situ observation thus clearly confirmed that the unidirectional alignment of the hBN domains was caused by step-edge-mediated nucleation, and the truncated shape of the hBN domains was a consequence of the high energy barriers of a hBN edge Letter reSeArCH passing over a step edge of the metal surface in the upward and the downward direction. Because of the presence of parallel (bunched) step edges (from the uniform surface tilt angle) on the single-crystal vicinal Cu (110) surface (see ex situ AFM images in Extended Data Fig. 8a ), this growth kinetics led to unidirectionally aligned hBN domains (Fig. 3c , Extended Data Fig. 8b-g ). The growth process is schematically illustrated in Fig. 3d .
The AFM phase image in Fig. 4a shows that the parallel (bunched) step edges of the Cu (110) surface are also parallel to the longest edge of the truncated triangular hBN single crystal, and the scanning tunnelling microscopic (STM) image in Fig. 4b clearly reveals that the longest hBN edge is a zigzag edge. By further comparing the reciprocal lattice information of hBN and Cu (110) (Fig. 4c, d) , we find that all the Cu step edges are along the <211> direction (schematically shown in Fig. 4e 
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and Extended Data Fig. 9 ). To confirm this edge-coupling-guided growth theoretically, we carried out ab initio calculations based on the experimentally obtained structural information. The formation energy for hBN growing on Cu (110) with steps along Cu <211> has a single minimum-energy state at γ = 0° (shown in Fig. 4f ), where γ is the angle between the Cu <211> direction and the zigzag direction of the hBN nucleus (Fig. 4e) . In practice, step edges might not be perfectly straight. A step edge slightly deviating from Cu <211> can be perceived as many short segments of the Cu <211> step edge connected by atomic-sized kinks. As reported in a recent study, the complementary counterkinks of the hBN edge are likely to appear at (and compensate for the kinks of) the metal step edges, and thus ensure the unidirectionally aligned growth of hBN domains 28 . In addition, γ = 0° is one of the most energetically preferred orientations between the hBN lattice and the Cu (110) facet, which indicates that interfacial coupling may also contribute to the epitaxy. Considering these results, the edge-couplingguided growth mechanism has wide applicability and high repeatability. For example, unidirectionally aligned growth of hBN domains could be also observed on the Cu (410) facet (Extended Data Fig. 10a) ; however, randomly aligned hBN domains were frequently observed on the Cu (100) facet (Extended Data Fig. 10b ), whereas anti-parallel domains were often obtained on the Cu (111) facet (Extended Data  Fig. 10c) .
In summary, single-crystal hBN films with areas of 10 × 10 cm 2 (three orders of magnitude larger than those grown previously), were synthesized on a large-area single-crystal Cu (110) foil by annealing regular, industrially produced Cu foils. The easy preparation of the Cu substrate implies the immediate availability and wide applicability of single-crystal 2D hBN films. Moreover, the observed edgecoupling-guided growth mechanism on a vicinal surface is expected to be applicable to all non-centrosymmetric 2D materials, which will enable the growth of large-area single crystals of such materials and facilitate their use in different applications in the near future.
Note added in proof:
After the submission of our manuscript, two studies related to the growth of single-crystal hBN were reported by other researchers 28, 29 .
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MEthods
Annealing of a 10 × 10 cm 2 single-crystal Cu (110) foil. A commercially available polycrystalline Cu foil (25 μm thick, 99.8%; Sichuan Oriental Stars Trading Co. Ltd) was loaded into a tube furnace with a chamber of diameter 23 cm and length 50 cm (Kejing Co. Ltd). The foil was first annealed at 1,060 °C (where the Cu surface started to melt) for 2-10 min under a mixed-gas flow (Ar, 500 sccm, H 2 , 50 sccm; sccm, standard cubic centimetres per minute) at atmospheric pressure, and then the temperature was quickly decreased to 1,040 °C and the Cu foil was annealed at this temperature for 3 h. For the subsequent annealing, a small piece of as-annealed single-crystal Cu (110) foil with steps along Cu <211> was placed on the surface of a raw polycrystalline Cu foil as an artificial seed, which enhanced the yield of the single-crystal Cu (110) foil with the steps along Cu <211> to a great extent. To identify the surface index, the as-annealed Cu foil was heated in a box furnace (Tianjin Kaiheng Co. Ltd, custom-designed) at 120 °C for 1 h. Growth of 10 × 10 cm 2 single-crystal 2D hBN films. The precursor ammonia borane (97%; Aldrich) was filled into an Al 2 O 3 crucible and placed at a distance of 1 m from the single-crystal Cu (110) foil substrate. First, the substrate was heated to the growth temperature (1,035 °C) under a mixed-gas flow (Ar, 500 sccm; H 2 , 50 sccm) at atmospheric pressure. The CVD system was then switched to low pressure (about 200 Pa) with Ar (5 sccm) and H 2 (45 sccm), while the precursor was heated to 65 °C within 10 min using a heating band. To visualize the individual hBN domains, the growth time was fixed at 1 h; a continuous hBN film was obtained after 3 h of growth. For imaging grain boundaries, when present, the as-grown hBN film was etched at 1,000 °C for 30 min under H 2 and Ar (Ar, 250 sccm; H 2 , 250 sccm) at atmospheric pressure. After growth or etching, the whole CVD system was cooled rapidly to room temperature. Transfer of hBN films. The as-grown hBN domains were transferred onto 90-nm-thick SiO 2 /Si wafers, holey-carbon-film TEM grids (Zhongjingkeyi GIG-1213-3C) and homemade monolayer graphene TEM grids using the polymethyl-methacrylate-based transfer technique. The graphene TEM grids were prepared by transferring large-area monolayer single-crystal graphene on commercial holey-carbon-film TEM grids (Zhongjingkeyi GIG-2010-3C). In situ CVD growth observed by environmental SEM. In situ CVD growth experiments were performed inside the chamber of a modified environmental SEM system (FEI Quantum 200) with a custom infrared laser heating stage and with gas supplied through a leak valve. The as-grown single-crystal Cu (110) foil was cut into small pieces (5 mm × 5 mm) and annealed at 1,000 °C under H 2 flow (10 sccm) at 25 Pa for 1 h. CVD growth was then carried out at 850-950 °C. Images were recorded by an Everhart−Thornley detector or a large-field detector during CVD growth. Computational details. The formation energies of the various hBN edges that are attached to the <211> step edge of a Cu (110) surface were calculated using dispersion-corrected density functional theory (DFT) calculations as implemented in the Vienna Ab initio Simulation Package. Exchange-correlation functions were treated using the generalized gradient approximation, and the interaction between valence electrons and ion cores was calculated by the projected augmented wave method. A force lower than 0.01 eV Å −1 on each atom with an energy convergence of 10 −4 eV was used as the criterion for structural relaxation. The formation energy of an edge attached to a <211> step edge of the Cu (110) vicinal surface is defined as ε edge/Cu = ε pri -ε B = ε pri -(E Cu + E hBN -E T -E vdW )/L, where ε pri and ε B are the edge energy of the pristine hBN and the binding energy of a hBN edge attached to a <211> step edge, respectively; E Cu , E hBN , E T and E vdW correspond to the calculated energies of the Cu slab model, the hBN ribbon model, the hBN ribbon attached to the Cu slab and the van der Waals interaction between the hBN ribbon and the Cu slab; and L is the length of the supercell of the calculation. In all DFT calculations, the vacuum spacing between neighbouring images was >12 Å to avoid periodic imaging interaction. The edge energy of a pristine hBN edge is defined
, where E E and 2 1 are the energies of two hBN triangles with the same edge configurations but of different size. In this calculation, two triangles with edge length of about 1.5 nm and 2 nm were used. ε BN is the energy of a B-N pair in the hBN bulk. ΔN BN = N BN2 -N BN1 , where N BN1 and N BN2 are the numbers of B-N pairs of the two hBN triangles. Using N 2 as a reference, μ N = −8.3 eV is the calculated chemical potential for a nitrogen atom. The van der Waals interaction between the hBN and the Cu (110) surface was calculated by placing a hBN bulk on a Cu (110) slab, with the N zigzag direction along the <211> direction of the substrate. The calculated van der Waals interaction is −0.17 eV per B-N pair. In the calculations of hBN ribbons attached to a Cu surface, the four-atom-thick Cu slab model was used to represent a vicinal Cu (110) surface or a Cu (110) surface with a <211> step, and the models of various hBN ribbons had a width of about 1.0 nm. A maximum strain of less than 3.5% was adopted when building the supercells to calculate the edge energy of hBN on the Cu surface. Characterization. Optical measurements. Raman spectra were obtained with an alpha300R system (WITec, Germany) with a laser excitation wavelength of 532 nm and about 1 mW power. Optical images were obtained using an Olympus BX51 microscope. SHG mapping was done using a customized system equipped with a piezo stage and controller (Physik Instrumente P-333.3CD and E-725), an ultrafast laser (Spectra Physics Inspire ultrafast OPO system; wavelength of 820 nm, pulse duration of 100 fs and repetition rate of 80 MHz) and a grating spectrograph (Princeton SP-2500i). XPS and UV-Vis spectral measurements were performed using an Axis Ultra Imaging X-ray photoelectron spectrometer and a Varian Cary 5000 UV-Vis-NIR spectrophotometer, respectively. ARPES spectra were measured in a setup comprising a SCIENTA DA30L analyser and a monochromatic helium lamp in He i (21.2 eV) mode. The size of the light beam was about 1 mm 2 , and the samples were cooled to about 10 K during measurements.
EBSD, LEED, TEM, AFM and STM measurements. EBSD maps were obtained using a PHI 710 scanning Auger nanoprobe. LEED was performed using an Omicron LEED system in ultrahigh vacuum with a base pressure below 3 × 10 −7 Pa. STEM/HRTEM experiments were partly performed using FEI Titan Themis G2 300 and JEOL JEM ARM 300CF systems operated at 300 kV and 80 kV, respectively. An atomically resolved STEM image of monolayer hBN was collected using a Nion UltraSTEM 200 instrument operated at 60 kV. AFM images were acquired using a Bruker Dimensional ICON system in ambient atmosphere. STM experiments were performed with a combined nc-AFM/STM system (Createc, Germany) at 77 K with a base pressure below 7 × 10 −9 Pa.
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